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Deep-sea sponge grounds are important habitats that provide several ecosystem services, yet relatively little is
known about their distribution and ecology. While most surveys have focused on the broad-scale distribution
patterns of sponge grounds (100s–1000s m), only rarely have the finer-scale (<10 m) spatial distribution patterns
of the primary organisms been studied. In this study, the autonomous underwater vehicle (AUV) Hugin 1000 was
used to map an area of an arctic sponge ground located on the summit of the Schulz Bank (Arctic Mid-Ocean
Ridge), with the aim of detecting small-scale spatial patterns produced by the dominant megafauna. Using
low-light cameras to construct a photomosaic comprising of 9,953 images and a virtual quadrat spatial sampling
approach, density hotspots of the most prominent megafauna were visualized. The primary megafauna detected
were demosponges, hexactinellids, ascidians, cnidarians, echinoderms, and demersal fish species. Most mega
fauna, like the primary structure-forming sponge species Geodia parva and Stelletta rhaphidiophora, were
distributed evenly throughout the sample area, though species like Lissodendoryx (Lissodendoryx) complicata and
Gersemia rubiformis displayed clear fine-scale spatial preferences. The three demersal fish species, Macrourus
berglax, Reinhardtius hippoglossoides, and Amblyraja hyperborea, were uniformly distributed throughout the
sample area. Based on the presence of skate egg cases and juveniles within many images, it is likely that the site is
being used as a nursery ground for A. hyperborea. This study demonstrates the potential of using AUVs to detect
fine-scale spatial patterns of the structure-forming sponges and demersal fish species. The use of AUVs for deepwater benthic surveys can help visualize how fauna (e.g. fish) utilise deep-sea habitats, and act as a tool for
quantifying individuals through relatively unbiased means (e.g. pre-programmed track, no sampling). Such in
formation is crucial for future conservation and management efforts.

1. Introduction
In the North Atlantic, between the 40� and 75� N latitude belt and
depths of 150–1700 m, dense aggregations of large structure-forming
sponges primarily of the Geodia genera can create habitats known as
osturs or sponge grounds (Klitgaard and Tendal, 2004; Maldonado et al.,
2016). Sponge grounds tend to form in a continuous or semi-continuous
manner due to the patchy spatial distribution patterns of the primary
sponge species (Beazley et al., 2013). This has made classifying sponge
grounds through quantitative means difficult and led to inconsistencies
in their definitions based on sampling techniques. For example, Klit
gaard et al. (1997) defined sponge grounds as areas where the sponges

make up 90% of the wet weight in non-fish trawl catches. However, in
photographic surveys, sponge grounds are generally defined as areas
with one sponge occurring every 1–30 m2 (ICES, 2009), whereas in
video-based surveys, they are classified as areas that contain 0.5–1
sponge per m2 to 1 sponge per 10–30 m2 (Hogg et al., 2010; Kutti et al.,
2013). Regardless of the classification discrepancies, deep-sea sponge
grounds have sparked scientific interest in recent years due to the
recognition that they can support hotspots of biodiversity where they
form structural habitat (Klitgaard and Tendal, 2004; Kutti et al., 2013;
Maldonado et al., 2016).
Sponge grounds enhance habitat heterogeneity and biodiversity by
providing a number of ecological services (Buhl-Mortensen et al., 2010;
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Beazley et al., 2013, 2015; Hawkes et al., 2019). Similar to cold-water
coral reefs (e.g. Costello et al., 2005), many fish and invertebrate spe
cies appear to exploit sponge grounds as spawning, nursery and foraging
grounds, areas of refuge, and additional substrate (Kenchington et al.,
2013; Kutti et al., 2013; Hawkes et al., 2019). When actively filtering,
sponges recycle carbon, nutrients, and dissolved organic matter back
into the environment (de Goeij and van Duyl, 2007; de Goeij et al., 2013;
Howell et al., 2016; McIntyre et al., 2016). Through this cycling process,
sponge grounds transfer excess energy to upper trophic levels and
improve bentho-pelagic coupling (Bell, 2008; Cathalot et al., 2015). The
canals, cavities, and porous exterior of sponges generate various mi
crohabitats that are utilised by small organisms for protection against
strong currents or predation (Klitgaard and Tendal, 2004; Buhl-Mor
tensen et al., 2010), and the spicule mats formed from deceased sponges
create additional substrate for epibenthic fauna (Bett and Rice, 1992;
Beazley et al., 2015; McIntyre et al., 2016). Increasingly, sponge grounds
are thought to be highly important to other local fauna similar to
cold-water coral reefs (Beazley et al., 2013, 2018; Cathalot et al., 2015;
Hawkes et al., 2019). However, there is limited information about the
ecology and distribution of deep-sea sponges, particularly at small scales
(<10’s m).
The majority of studies on deep-sea sponge grounds have investi
gated the community composition, distribution patterns, and abiotic
drivers over broad scales (100’s – 1000’s m), ranging from topographic
features, such as the Flemish Cap (Murillo et al., 2012; Beazley et al.,
2013) and Sackville Spur (Beazley et al., 2015), to oceanic regions, such
as the Canadian Arctic (Murillo et al., 2018), Northeast Atlantic (Klit
gaard and Tendal, 2004), Northwest Atlantic (Knudby et al., 2013), and
North Atlantic (Howell et al., 2016). The broad-scale distribution of
deep-sea sponge grounds is found to be influenced by a variety of abiotic
drivers, such as increased dissolved silicate levels (Howell et al., 2016),
low temperatures (Klitgaard and Tendal, 2004; Howell et al., 2016),
minimum bottom salinity (Knudby et al., 2013; Beazley et al., 2015),
bottom current speed (Beazley et al., 2015), particulate organic carbon
flux (Howell et al., 2016), and depth (Knudby et al., 2013; Beazley et al.,
2015; Howell et al., 2016). While depth is consistently identified as a top
driver for sponge ground distribution over broad-scales (Beazley et al.,
2015; Howell et al., 2016), it acts as a proxy for other variables (e.g.
temperature, salinity, and water mass). Over such broad scales, envi
ronmental conditions and habitat structure will change, and while
previous findings provide significant insight into the abiotic variables
that vary over large spatial scales, there is very little known about the
variables that are important at local scales. As such, there is a clear
knowledge gap regarding the drivers of the small-scale patterns
observed in the main inhabitants of individual sponge grounds. Under
standing these patterns and their respective drivers provides insight into
ecological interactions operating within deep-sea ecosystems (Robert
et al., 2014).
Given the expected vulnerability of these deep-sea habitats to
disturbance and climate change (OSPAR, 2008; FAO, 2009; Hogg et al.,
2010), there is an urgent need to identify and map the distribution of
primary structure-forming sponge species, and to assess the factors
influencing sponge ground formation, persistence, and community
composition (Hogg et al., 2010; Kutti et al., 2013; Beazley et al., 2015,
2018; Howell et al., 2016; Roberts et al., 2018). To date, a variety of
surveying techniques have been used for these purposes. Traditional
extractive methods such as scientific trawling and dredging have been
used extensively for large-scale benthic surveys (Klitgaard and Tendal,
2004; Knudby et al., 2013; Morris et al., 2014; McIntyre et al., 2016);
however, such methods do not capture the patterns that occur at the
fine-scales (i.e. within sponge grounds). Non-extractive methods like
visual-based surveys conducted by towed-camera systems or sub
mersibles have become a favoured tool as they allow for continual ob
servations of the benthos and are relatively non-intrusive (S�
anchez et al.,
2009; Marsh et al., 2013). Photographic surveys can provide abundance
estimates for the larger benthic megafauna and are thought to be more

realistic than those from extractive methods (Williams et al., 2015). This
can help identify areas of specific biological interest (e.g. deep-sea fish
species, vulnerable marine ecosystems), community structure, and
zonation patterns through finer-scale analysis of georeferenced imagery
(Ludvigsen et al., 2007; Marsh et al., 2013). One tool that is gaining in
popularity is the creation of photomosaics from imagery data, which
make it possible to visualise localised habitat composition and its sea
�nchez et al., 2009;
floor extent through quantitative spatial analysis (Sa
Robert et al., 2017).
Submersibles like remotely operated vehicles (ROVs) or autonomous
underwater vehicles (AUVs) have greatly improved what is currently
known about the deep sea (Danovaro et al., 2014). In addition to visu
alising the seafloor using cameras or acoustic sensors, environmental
parameters like temperature, salinity, dissolved oxygen, and depth can
be measured simultaneously during the survey (Wynn et al., 2014).
ROVs have some benefits over AUVs, for example, they are capable of
collecting specimens for taxonomic validation of the video data and
surveys can be easily altered by operators when discovering features of
interest (Thresher et al., 2014; Howell et al., 2014; Williams et al.,
2015). However, they can be influenced by swell and have relatively
slow transect speeds (Morris et al., 2014), which can affect altitude,
direction, and speed along transects. AUVs, on the other hand, autono
mously traverse a specified route within fixed altitude limits (Wynn
et al., 2014), minimising human interaction and operator error, giving
them an advantage as a survey-tool over ROVs. As such, image-based
surveys conducted using AUVs are emerging as an important tool for
the exploration of deep-sea habitats and quantitative mapping of
benthic megafauna (e.g. Statham et al., 2005; Grasmueck et al., 2006;
Kelly et al., 2014; Huvenne et al., 2016).
Previous studies have shown photographic surveys to be a promising
means of investigating deep-sea communities such as cold-water coral
reefs, hydrothermal vent fields, and sponge grounds (Beazley et al.,
2013; Morris et al., 2014; McIntyre et al., 2015; Bell et al., 2016; Mil
ligan et al., 2016; Robert et al., 2017). However, few studies have solely
used visual-based surveys for mapping sponge grounds in detail (e.g.
Kutti et al., 2013; Hawkes et al., 2019), even fewer with an AUV (e.g.
Powell et al., 2018). Additionally, no known study has used AUV im
agery to investigate the small-scale spatial patterns produced by indi
vidual species within a sponge ground.
In this study, AUV imagery was used to map the spatial patterns of
megafauna and demersal fish in an arctic sponge ground on the summit
of the Schulz Bank, located on the Arctic Mid-Ocean Ridge. The aims of
the study are as follows: (1) detect megafauna (�1 cm) inhabiting the
Schulz Bank sponge ground through AUV imagery; (2) map the finescale spatial patterns produced by the most prominent megafauna
(�0.5% of the total abundance); (3) study the influence of the measured
abiotic variables on the community patterns and most prominent
megafauna; (4) characterise the demersal fish population; and (5)
investigate whether this is a potential nursery ground for demersal fish.
2. Materials and methods
2.1. Study area
The Schulz Bank (73� 470 N, 7� 400 E), previously reported as the
�rdenas et al., 2011, 2013; Roberts et al.,
Schultz Massif or Massive (Ca
2018), is a deep-sea seamount located at the Arctic Mid-Ocean Ridge
(AMOR) where Mohn’s Ridge transitions into the Knipovich Ridge. It
rises from water depths greater than 2500 to 560 m at the summit
(Fig. 1). The surrounding area has been extensively surveyed in recent
years owing to nearby hydrothermal activity, specifically the Loki’s
Castle vent field (Pedersen et al., 2010; Olsen et al., 2015; Steen et al.,
2016). The sponge composition on the Schulz Bank and nearby sponge
ground regions are largely dominated by demosponges such as Geodia
parva, G. phlegraei, G. hentscheli, Stelletta rhaphidiophora, Craniella infre
quens, Thenea valdivae, Hexadella dedritifera, Polymastia thielei (C�
ardenas
2
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Fig. 1. Multibeam bathymetry of the Schulz
Bank summit and the selected sample area.
The red box on entire seamount (first inset)
indicates the sample area, the second inset
shows the location of Schulz Bank on the
Arctic Mid-Ocean Ridge. Red lines in the
main figure show the Hugin 1000 track
within the sampling area. Bathymetric con
tours in the sampling area are every 2 m. The
black contour lines on the entire seamount
(first inset) represent every 20 m. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)

et al., 2011, 2013; Plotkin et al., 2018; Roberts et al., 2018), intermixed
with a variety of hexactinellid species such as Schaudinnia rosea, Scy
phidium septentrionale, Trichasterina borealis, and Asconema foliata (Klit
gaard and Tendal, 2004; Maldonado et al., 2016; Roberts et al., 2018).
The physical oceanography of the Nordic Seas region is described in
Hopkins (1991), Mauritzen (1996) and Hansen and Østerhus (2000).
The Schulz Bank is a prominent feature of the AMOR system and is
subject to a complex oceanographic setting, as is further described in
Roberts et al. (2018). Three main water masses tend to dominate at the
Schulz Bank: (1) the surface water mass above the seamount consists of
the relatively warm and high salinity Norwegian Atlantic Water; (2) the
base and flanks of the seamount are exposed to the colder, fresher Upper
Norwegian Deep Water; and (3) an intermediate water mass impinges
upon the seamount summit and shallower areas and is likely to be
Norwegian Arctic Intermediate Water (Jeansson et al., 2017; Roberts
et al., 2018). It may be influenced by topographically-steered deep
currents (Orvik and Niiler, 2002), and tidally-driven internal motions
are thought to be important to filter feeders inhabiting the summit
(Roberts et al., 2018).
For the present study, a gently sloping section of the summit was
selected as the primary focus for an in-depth AUV survey (Fig. 1). This
had an area of approximately 0.12 km2 (water depth range: 577–600 m).
Soft sediment and a dense spicule mat were characteristic of the sub
strate on the summit, with little to no visible hard substrate, beyond the
occasional boulder.

8.5 m, excluding vehicle turns, along a 47 track-line path above the
seafloor (Fig. 1). The AUV was fitted with a SAIV SD208 dual conduc
tivity, temperature, and depth (CTD) system, Kongsberg HISAS 1030
synthetic aperture sonar, a Kongsberg EM2040 multibeam echosounder,
and a downwards-looking TileCam optical camera. The camera was
located approximately 1 m behind the LED light bar (720 LEDs) to
reduce the impact of backscattered light. It had a 10-megapixel resolu
tion and a 10-gigabyte hr-1 collection rate.
2.3. Environmental data
All spatial data were converted to Universal Transverse Mercator
projection (Zone 31� N) to allow for area calculations. EM2040 data was
processed with the Reflection AUV post-mission analysis software
(version 3.1.0) by Kongsberg Maritime, and the projected bathymetric
data of the seamount and sampling area extracted. The final bathymetric
grid created had a cell size of 0.1 � 0.1 m. Slope (� ), aspect (� ), and
topographic roughness were calculated from bathymetry using the
Digital Elevation Model Surface Tools (Jenness, 2013) within ArcGIS
10.4 (ESRI). In situ temperature (� C) and salinity (psu) data obtained
from the AUV’s CTD system were interpolated using inverse distance
weighting (IDW) to create a continuous representation of the conditions
on the summit at a resolution of approximately 0.6 � 0.6 m for both
variables.
2.4. Image processing

2.2. Data collection

A photomosaic was constructed automatically using Reflection to
visualize the sample area and the location of the images to examine the
spatial relationships of the fauna, species composition, and community
structure of the sponge ground. Images were automatically converted to
grey scale by Reflection before stitching successive images together into

The seamount was investigated in June 2016 using the RV G.O. Sars.
Imagery and bathymetric data for the sample area on the summit were
collected using AUV Hugin 1000. The AUV flew at an average altitude of
5.0 m, with a respective minimum and maximum altitude of 3.8 and
3
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a track-line mosaic (Fig. 2). Image area was calculated from Reflection
using the AUV position data.
Images were selected for analysis based on the following criteria: (1)
AUV altitude was between 4.7 and 5.3 m to maintain image quality (e.g.
good scene illumination, consistent altitude, taxonomic resolution,
exclude vehicle turns); (2) images were separated by at least 5 m to
reduce the risk of using overlapping images that capture the same
feature twice (Bell et al., 2016); and (3) images did not display signs of
corruption or digital artefacts which could mar interpretation. Image
corruption occurred when the Tilecam optical camera wrote over an
image with a successive image before the file was completed and stored,
thus resulting in an overlap of images on a single file. There were 9,953
images collected by the AUV over 2.78 h, at approximately 1 s intervals.
Only 5,611 images (56.4%) fit the criteria and a subset of 430 images
were selected for analysis. Images that fit the criteria are hereafter
referred to as “optimal images” and the subset of images that were
selected for analysis are hereafter referred to as “selected images”.
To make sure the selected images were separated by at least 5 m from
other selected images, a pseudorandom selection process was conducted
whereby selected images separated by 5–20 optimal images were
randomly selected along each track-line. The selected images were then
checked to ensure they did not contain overlapping features or corrup
tion. Colour versions of the selected images were used to confirm species
identification and corruption status. Due to inconsistent illumination,
each selected image was overlain with a 2.5 � 2.0 m digital quadrat,
which was placed in the top centre portion of the image to exclude image
areas that had poor visibility and allow for quantitative spatial sampling
(Fig. 2). Each selected image had an average area of 16.23 m2
(SD ¼ 0.74 m2) and was separated from its nearest neighbouring
selected images by a mean distance of 9.6 m (SD ¼ 2.44 m). The mini
mum and maximum distance of separation was 5.56 and 24.83 m,
respectively. The mean altitude for both the selected images and optimal
images was 4.93 m with a standard deviation (SD) of 0.11, indicating the
AUV operated at stable altitude (Morris et al., 2014).

possible. Any indication that the sponge ground was being used as a
nursery for the demersal fish, such as such as egg cases or juvenile
demersal fish, were documented. As is common with imagery analysis,
not all fauna were identified to species level due to the relatively low
�nchez et al., 2009; Bell et al., 2016). The
morphological detail visible (Sa
identifications of the megafauna and demersal fish were quality checked
and agreed upon by the authors, and identifications confirmed by
physical samples collected from the summit. As a result of the quality
check and difficulties in consistent identification of certain species
within the selected images, the suspected species Thenea valdiviae and
Craniella infrequens were grouped as ‘Demospongiae spp.’ and Schau
dinnia rosea, Trichasterina borealis, and Scyphidium septentrionale were
grouped as ‘Hexactinellida spp.’ after the annotation process.
2.6. Demersal fish population
After the initial annotation revealed that the demersal fish and
Amblyraja hyperborea egg cases were often present outside of the quadrat
or in nearby optimal images, a secondary annotation was conducted on
all optimal images to assess the demersal fish population and investigate
the area as a nursery ground for A. hyperborea. All further mentions of
the initial annotation and secondary annotation will hereby be referred
to as “megafauna survey” and “fish survey”, respectively.
All fish and egg cases within the whole optimal image were counted
because they were easily identifiable within the images and had a high
likelihood of remaining visible even when present outside of the
quadrat. In addition, fish were documented as swimming (i.e. appeared
in motion, above the substrate, or visible shadow) or non-swimming (i.e.
placed directly on the substrate, lack of shadow) in the optimal images.
It was also noted if there appeared to be a change in fish behaviour
between optimal images that contained the same fish (e.g. nonswimming to swimming between images) (Stoner et al., 2008). To
avoid double-counting of the same individual, successive and nearby
images within the sample area were checked to ensure the images did
not overlap or the individual did not move. Images that contained the
same fish individual(s) were dropped from analysis. As it was too
difficult to differentiate between decaying and fresh skate eggs, all
visible egg cases were counted within an image.

2.5. Identification of fauna
Only epibenthic megafauna and demersal fish visible within the
quadrat were enumerated and identified to the lowest taxonomic level

Fig. 2. Photomosaic of the sample area on Schulz Bank with examples of the image mosaic. The labelled red squares on the map indicate the location of example
images from the mosaic (second column). The third column show the individual colour image from each area, emphasising the 5 m2 quadrat used for analysis. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
4
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2.7. Statistical analysis

prominent megafauna to examine the relationship between the density
(ind. m-2) and depth (m) using the “car” (version 3.0–2; Fox and Weis
berg, 2011) package in R. Regression analyses were also conducted on
the demersal fish and skate egg abundances (ind. image-1). Taxa that
displayed a non-linear trend were analysed with the non-linear least
squares function. To check if the relative patterns were preserved after
smoothing from the KDE calculations and that over-smoothing had not
occurred, regression plots for the prominent megafauna KDEs against
depth (m) were compared to the respective density regression plots (S2).

2.7.1. Preparation of megafauna data
All taxa with confirmed identities from the quality check were
included in the analysis, and taxa that made up �0.5% of the total
abundance were classified as the “most prominent megafauna”. To allow
for easier comparison between different surveys, the raw taxon abun
dance observed in each selected image was converted to density (ind. m2
) (Kutti et al., 2013). All statistical analysis was conducted in RStudio
(version 1.1.383; RStudio Team, 2016) unless otherwise specified.

3. Results

2.7.2. Environmental influence
To determine which, if any, abiotic variables and prominent mega
fauna densities were correlated, a Spearman’s rank correlation coeffi
cient matrix was generated with the package “Hmisc” (version 4.1–1;
Harrell Jr., 2018). The in situ abiotic conditions demonstrated little
variation within the sample area. Depth in the selected images had a
range of 579.4–590.8 m and was found to be significantly correlated
with temperature, salinity, and topographic roughness, in addition to
the majority of the prominent megafauna densities (S1). However, it was
selected to remain in the analysis because depth often acts as a proxy for
other abiotic variables that were not measured or described in the pre
sent study. There were only small differences in temperature and salinity
between sampled image locations (0.005–0.078 � C and 35.00–35.04
psu, respectively). Topographic roughness, slope, and aspect also
demonstrated little variation, and the overall bottom structure was fairly
homogeneous.
Regardless of the apparent homogeneity in abiotic conditions,
negative binomial generalized additive models (GAMs) were con
structed using R package “mgcv” (version 1.8–24; Wood, 2011) to
identify which environmental variables best explained the variance in
the community data (e.g. species richness and total megafauna abun
dance) and the most prominent megafauna abundance data (Zuur et al.,
2009). GAMs were selected over a generalized linear models (GLMs)
because either not all explanatory variables displayed a linear trend with
the community data or most prominent megafauna abundance data, or
there was no clear relationship between the response variables and the
entire explanatory variables (Zuur et al., 2009). The environmental
variables that were included in the GAM analysis were depth (m),
temperature (� C), salinity (psu), aspect (� ), slope (� ), and topographic
roughness. Quadrat size was offset to account for the abundance within
each quadrat and to obtain estimates that reflected density. Thin plate
regression splines were used as smoothing functions applied to each of
the abiotic variables (Zuur et al., 2009). To reduce the chance of over
fitting of the smooth-functions of the model, a gamma function was used
(Zuur et al., 2009).

3.1. Prominent megafauna
There were 20 morphotypes detected within the selected images
(Table 1 and Fig. 3), and were in the following classes: Ascidiacea (1),
Hexactinellida (1), Demospongiae (8), Anthozoa (2), Asteroidea (3),
Echinoidea (1), Actinopterygii (2), Chondrichtyes (1), and Malacostraca
(1). The most prominent megafauna that contributed to �0.5% of the
total abundance present in the images were ascidians, anemones,
demosponges (Demospongiae spp., Lissodendoryx (Lissodendoryx) com
plicata, Hexadella dedritifera, Geodia parva, Stelletta raphidiophora),
Hexactinellida spp., and Gersemia rubiformis. Mobile fauna such as
echinoderms and demersal fish had a low occurrence during the
megafauna survey because they were rarely observed within the con
fines of the quadrat.
3.2. Environmental influence
The GAM analysis showed the measured environmental variables
explained relatively little of the variation in species richness (GAM: total
deviance explained ¼ 6.74%; S3) or total megafauna abundance (GAM:
total deviance explained ¼ 33.14%; S4). Depth most influenced the
variability within community patterns (Table 2). Similar trends were
observed for the most prominent megafauna data (S5 to S14).
3.3. Sponge ground community patterns
Ascidians were the most abundant taxa within the sample area and
present within every image. Their densities were often double that of the
Table 1
Abundance of the prominent megafauna found on the Schulz Bank summit in the
megafauna survey.

2.7.3. Sponge ground community and demersal fish patterns
Kernel density estimates (KDEs) were calculated for the most
prominent megafauna, demersal fish, and skate egg cases in ArcGIS to
visualise their spatial patterns on the summit and identify areas of dense
aggregation within the sample area (Kenchington et al., 2014; Beazley
et al., 2018). KDE calculations were conducted using a neighbour-based
approach that fits a smoothing curve over the data points using the
quartic kernel function as described by Silverman (1986). The values of
the kernel surfaces overlaying raster cell centres were summed together
to generate density estimates for each output raster cell. The smoothing
curve is highest at the central point and gradually decreases with the
search radius. Therefore, the more data points that fall within the search
radius, the more smoothed the output raster becomes. The search radius
selected was 20 m to include neighbouring data points for optimal
smoothing based on the average neighbour distance between selected
images (see section 3.1). The output cell size was 0.6 � 0.6 m and
selected based on the resolution of the base map.
Based on the kernel density plots and visible spatial patterns along
the depth gradient, regression analysis was conducted on the nine most
5

Phylum

Taxa

Total
Abundance

Arthropoda

Bythocaris sp. G.O. Sars, 1870

348

Chordata

Ascidiacea spp.
Amblyraja hyperborea (Collet, 1879)
Macrourus berglax Lac�ep�ede, 1801
Reinhardtius hippoglossoides (Walbaum, 1792)

35,952
4
42
17

Cnidaria

Actiniaria sp.
Gersemia rubiformis (Ehrenberg, 1834)

19,074
691

Echinodermata

Tylaster willei Danielssen and Koren, 1881
Asteroidea spp.
Solaster spp. Forbes, 1839
Strongylocentrotus sp. Brandt, 1835

183
29
8
78

Porifera

Demospongiae spp.
Geodia parva Hansen, 1885
Hemigellius sp. Burton, 1932
Hexadella dedritifera Topsent, 1913
Hexactinellida spp.
Lissodendoryx (Lissodendoryx) complicata
(Hansen, 1885)
Polymastia thielei Koltun, 1964
Stelletta rhaphidiophora Hentschel, 1929
Stylocordyla borealis (Lov�
en, 1868)

15,050
1,713
204
5,197
5,489
7,331
251
1,344
177
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Fig. 3. Examples of megafauna observed on the Schulz Bank summit. Taxa categorized by the most abundant megafauna to the least abundant observed within the
megafauna survey.
Table 2
Summary statistics of the generalized additive models fitted to the species
richness (S) and total megafaunal abundance (N) (negative binomial distribu
tion, log link). Deviance explained (%) is the percent of null deviance in the data
explained by the model. All abiotic variables contained a smoothing function
(see S3 and S4).
Response

Explanatory

Deviance
Explained (%)

R2

P-value

Species Richness

Depth (m)
Temperature (� C)
Salinity (psu)
Slope (� )
Aspect (� )
Topographic
Roughness

5.05
1.49
0.08
0.04
0.04
0.03

0.0431
0.0128
0.0015
0.0019
0.0020
0.0020

0.001
0.011
0.560
0.670
0.901
0.707

Depth (m)
Temperature (� C)
Salinity (psu)
Slope (� )
Aspect (� )
Topographic
Roughness

26.60
4.34
0.15
1.62
0.01
0.43

0.2580
0.0406
0.0008
0.0100
0.2240
0.0012

<0.001
0.002
0.419
0.335
0.836
0.145

Total Megafauna
Abundance

Table 3
Density (ind. m-2) summary of the most prominent megafaunal species within
the selected images the taxon was observed in.
Taxa

Number of
Images

Minimum

Maximum

Average � SE

Ascidiacea spp.
Actiniaria sp.
Demospongiae spp.
Lissodendoryx
(Lissodendoryx)
complicata
Hexactinellida spp.
Hexadella dedritifera
Geodia parva
Stelletta rhaphidiophora
Gersemia rubiformis

430
430
430
419

3.00
2.20
2.00
0.20

40.60
22.20
14.20
11.60

16.52 � 0.30
8.87 � 0.17
7.00 � 0.11
3.50 � 0.12

430
429
411
381
244

0.40
0.20
0.20
0.20
0.20

6.20
6.20
2.40
3.20
2.80

2.55 � 0.05
2.42 � 0.05
0.83 � 0.02
0.71 � 0.02
0.57 � 0.03

sample area and had no significant change in density with depth (Figs. 4
and 5). Lissodendoryx (Lissodendoryx) complicata was most densely
aggregated in the south-eastern portion of the sample area and its dis
tribution strongly followed the 586 m depth contour (Fig. 4). Deeper
than this, the species’ density rapidly declined, and occurrences thinned
considerably into small patches. Its density demonstrated a statistically
significant negative exponential relationship with depth (Nonlinear
Least Squares: p < 0.001; Fig. 5). Hexactinellida spp. did not exhibit any
spatial preference on the summit and were distributed evenly
throughout the sample area.
The yellow encrusting sponge, H. dedritifera, was primarily observed
growing on the large demosponges, G. parva and S. rhaphidiophora.
While G. parva and S. rhaphidiophora were observed in low densities in
the present study (Table 3), their large size makes them likely to
contribute considerably to the overall megafaunal biomass. The three
demosponge species were present throughout the sample area with some
signs of spatial patchiness, though only H. dedritifera displayed a slight

next most prominent taxa, the anemones (Table 3). The ascidians were
commonly growing directly on the spicule mat and along the edges of
large demosponges. They were often used as substrate for other sessile
megafauna, predominantly the anemones. Ascidians were more densely
aggregated in the deeper north-western region of the sample area
(Figs. 4 and 5) and demonstrated a positive correlation with increasing
water depth (R2 ¼ 0.239, p < 0.001). Unsurprisingly given their cooccurrence with ascidians, the anemones were also significantly corre
lated with depth (R2 ¼ 0.221, p < 0.001), although their density hotspot
displayed more signs of patchiness compared to the ascidians (Fig. 4).
Demospongiae spp. had a widespread distribution throughout the
6
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Fig. 4. Kernel density estimation plots of the most prominent megafauna on the Schulz Bank summit determined from the Hugin 1000 imagery. Contour lines
represent every 2 m and are as shown in Fig. 1. Kernel density values are normalized by the maximum densities occurring for each species.

significant positive trend with increasing water depth (R2 ¼ 0.131
p < 0.001).
The soft coral, G. rubiformis had a very patchy distribution and was
only present in the north-western edges of the sample area. It became
more abundant at depths greater than 586 m, and demonstrated a pos
itive exponential relationship with depth (Nonlinear Least Squares:
p < 0.001; Fig. 5).

Fig. 3I), which accounted for approximately 25.0% of the total fish
population. Reinhardtius hippoglossoides were observed swimming
(n ¼ 110 individuals) more often than non-swimming (n ¼ 67
individuals).
The Arctic Skate (Amblyraja hyperborea, Fig. 3M) was the least
abundant fish observed and accounted for 6.8% of the population
(n ¼ 48 individuals), and 27% of the skates observed were juveniles
(Fig. 3L). Overlapping images that contained the same A. hyperborea
individuals were separated by approximately 5 min. The individuals
were seemingly undisturbed by the AUV because they did not move
between images. All fish species appeared to be randomly distributed on
the summit and displayed little spatial preference, and no specific
epifaunal taxa association or depth (linear regression: p > 0.01; S15).
Amblyraja hyperborea egg cases were regularly observed throughout
the sample area, often directly on the spicule mat (Fig. 6). They were
present in 49.3% of all optimal images with a total abundance of 4061
eggs (n ¼ 2769 images). The highest abundance of eggs in a single image
was 6 eggs (n ¼ 3 images), though most images only contained 1 egg
(n ¼ 1840 images). There appeared to be higher accumulations of eggs
in the south-eastern region, the shallower section, of the sample area.
However, the skate eggs displayed a weak relationship with depth
(R2 ¼ 0.030, p < 0.001; S15).

3.4. Demersal fish on the summit
The summit was inhabited by three observable demersal fish species
(n ¼ 708 individuals) (Fig. 6), which were present within 662 images
(11.8 % of optimal images). In any given image, there was a maximum of
three individuals present.
The most common species was the Roughhead Grenadier (Macrourus
berglax, Fig. 3G), which accounted for approximately 68.2% of the total
observed fish abundance (n ¼ 483 individuals). Macrourus berglax were
always observed above the substrate and in motion. It was unclear
whether there was a change in behaviour between images that contained
the same individual.
The second most abundant species was a commonly targeted com
mercial species, the Greenland Halibut (Reinhardtius hippoglossoides,
7
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Fig. 5. Regression plots of density (ind. m-2) against depth (m) for the most prominent megafauna on the Schulz Bank. Y-axes have been semi-logged to standardize
the differences in densities between megafauna. Residual standard error (S) and R-squared show the statistical correlation of the relationship between density and
depth. Asterisks (*) denotes taxa which had a non-linear relationship with depth.

4. Discussion

that were observed in the present study have previously been classified
as indicator species or habitat builders of arctic sponge grounds
�rdenas et al., 2013; Maldonado et al., 2016; Murillo et al., 2018). For
(Ca
example, Murillo et al. (2018) suggested that G. hentscheli, G. parva, and
S. rhaphidiophora are indicative of arctic sponge grounds, and
L. complicata can be considered an indicator of arctic slope sponge
habitats (Mayer and Piepenburg, 1996). Additionally, as observed on
the Schulz Bank, the hexactinellid sponge species T. borealis and S. rosea,
are common in arctic sponge grounds (Maldonado et al., 2016).
The densities of the primary structure-forming sponges fit within all
of the sponge ground definitions that have been previously suggested,
where there are at least one sponge occurring every 1–30 m2 (ICES,
2009), the sample area does contain 0.5–1 sponge per m2 to 1 sponge per
10–30 m2 (Hogg et al., 2010; Kutti et al., 2013), and the sponges are
occurring in a continuous or semi-continuous fashion (Beazley et al.,
2013). Based on the stated variables and presence of common arctic
sponge ground species (Murillo et al., 2018), it is clear that the sample

To the authors’ knowledge, this study is the first that has utilised an
AUV to map a deep-sea sponge ground in the North Atlantic and one of
the very few studies to use an AUV to study the spatial distribution of
deep-sea fish assemblages (Milligan et al., 2016; Powell et al., 2018).
The AUV imagery provided insight of the major megafauna taxa
inhabiting the sponge ground and detected the spatial patterns of the
most prominent megafauna and demersal fish species. The presence of
Amblyraja hyperborea egg cases and juveniles suggests the area may be
used as a nursery ground.
4.1. Sponge ground on the summit
Geodia species are commonly the primary structure-forming sponge
species found in sponge grounds in the North Atlantic (Klitgaard and
�rdenas et al., 2013; Howell et al., 2016). Several species
Tendal, 2004; Ca
8
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Fig. 6. Kernel density estimation plots of the demersal fish and Amblyraja hyperborea egg cases on the Schulz Bank summit determined from the Hugin 1000 imagery.
Contour lines represent every 2 m and are as shown in Fig. 1. Kernel density values are normalized by the maximum densities occurring for each species.

abiotically in ways not resolved by the present study.
Irrespective of this, given that variability is reduced at small scales (i.
e. spatial autocorrelation), it can be hypothesised that community pat
terns are less likely to be influenced solely by the environment at such
scales (Milligan et al., 2016). In such cases, ecological influences like
biotic interactions, competition, food and substrate availability, repro
duction strategies, and niche partitioning are thought to be major factors
driving trends in small-scale community patterns (Mayer and Piepen
€ncke, 2013; Beazley et al.,
burg, 1996; Kutti et al., 2013; Sell and Kro
2015; Johannesen et al., 2017). Yet, without a more comprehensive
study on the influence of the localised environmental and ecological
conditions on the individual species spatial patterns, it remains unclear.

area is situated within a sponge ground. The full spatial extent of the
habitat is unknown at this point. However it is likely to extend to a depth
of at least 700 m, based on previous results from the Schulz Bank
(Roberts et al., 2018).
4.2. Environmental conditions
The measured abiotic variables (temperature, salinity, slope, aspect,
and rugosity), with the exception of depth, appeared to have little in
fluence on the patterns displayed by the prominent megafauna. This is
unsurprising given the low environmental variability that was observed
on the seamount summit during the survey. Temperature and salinity
are known to be important variables in the distribution of deep-sea
sponge grounds over broad spatial scales (Beazley et al., 2015, 2018;
Howell et al., 2016). But over smaller scales, studies have reported depth
as the most important variable for demersal communities when
compared to other parameters like temperature (Johannesen et al.,
2017; Serrano et al., 2017). However, because depth can act as a proxy
for many other abiotic variables (Howell et al., 2016), it is possible that
unmeasured variables (e.g. local hydrodynamics, suspended matter, and
substrate type) that are more sensitive to small-scale variability than the
collected parameters are responsible for the patterns observed in the
present study.
Roberts et al. (2018) found that the sponge ground on the summit of
the Schulz Bank coincided with the boundary between two water
masses, Upper Norwegian Deep Water and Norwegian Arctic Interme
diate Water. The boundary was particularly dynamic owing to internal
waves with a diurnal tidal periodicity and it was concluded that this may
benefit the sponges through regular flushing with warmer,
oxygen-enriched water from above, the supply of inorganic nutrients
and DIC from below by turbulent mixing, and the provision of mecha
nisms for food supply and the prevention of smothering by sedimenta
tion. The distribution of such ‘benefits’ over the seamount summit may
be uneven as the broader scale seamount hydrodynamics interact with
local scale topographic features (e.g. ridges and steep slopes) and this
could influence the spatial patterns observed in individual taxa

4.3. Fine-scale patterns in the megafauna
The Hugin 1000 AUV proved useful for capturing spatial patterns of
the more prominent megafauna such as the ascidians, anemones, hex
actinellids, larger demosponges, and fish. The majority of the megafauna
were evenly distributed within the small survey area, with the exception
of the ascidians, anemones, L. complicata, and G. rubiformis.
Ascidians and anemones are common inhabitants of sponge grounds
(Klitgaard and Tendal, 2004; Hogg et al., 2010; Henry and Roberts,
2014). While the ascidians were often settled directly on the sediments,
the anemones were frequently observed growing on the ascidians, large
demosponges, and any other available substrate.
The most noteworthy pattern was observed for L. complicata, where
its density rapidly diminished at depths greater than 586 m. Lisso
dendoryx (Lissodendoryx) complicata is common in arctic slope sponge
communities (Mayer and Piepenburg, 1996; Murillo et al., 2018), and
has been observed at depths exceeding 1470 m in the Davis Strait
(Tompkins et al., 2017), and on the flanks of the Schulz Bank down to
3000 m (Rapp pers. obs.). The clear boundary within the sample area is
most likely attributed to random patchiness or biological factors that
have yet to be explored.
The lack of distinct spatial patterns produced by the major structureforming sponges like G. parva and S. rhaphidiophora is to be expected.
9
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They have a very wide depth range and have been found at depths up to
1997 m on the Schulz Bank in previous surveys (C�
ardenas et al., 2013;
Roberts et al., 2018). The large demosponges are common hosts to other
sponge epibionts, like H. dedritifera (C�
ardenas et al., 2013). It is likely
that some of the other sessile megafaunal spatial patterns are influenced
by the large demosponges, as the abundance of structure-forming
sponges of the same genera was found to be an important variable in
epibenthic megafaunal distribution at the Sackville Spur by Beazley
et al. (2015). As an encrusting sponge, H. dedritifera is thought to care
fully select its host, and therefore its distribution is likely influenced by
the host species, substrate type, or the minimum nearest neighbour
�rdenas et al., 2013; Beazley et al., 2015; McIntyre et al.,
distance (Ca
2016; Hawkes et al., 2019).
Gersemia rubiformis generally occurred in low densities and became
more common at the north-western edges of the sample area, though it is
common in the arctic benthic ecosystems (Sswat et al., 2015) and has
been previously observed in regions dominated by Geodia spp.
(Jørgensen et al., 2016; Murillo et al., 2016a). Similar to the other
prominent megafauna within the sample area, G. rubiformis has a wide
depth range and it has been documented from 1 m to 3600 m within the
northern polar regions (Henry et al., 2003; Murillo et al., 2011, 2016a;
Jørgensen et al., 2016). Patchy distribution patterns displayed by
G. rubiformis in the Atlantic are rather common (Henry et al., 2003) and
are thought to be a result of the juvenile settling process where juveniles
aggregate at the base of parent colonies on substrate that has already
been found to be hospitable by the adults. However, as the species was
observed in low quantities, it remains unclear if similar mechanisms or
random patchiness are driving the spatial distribution of G. rubiformis on
the Schulz Bank.

grounds in the past (Kenchington et al., 2013; Beazley et al., 2015;
Murillo et al., 2016b), and A. hyperborea is a common bycatch within the
Greenland Halibut fishery (Peklova et al., 2014).
4.5. Limitations
Similar to findings from Håpnes (2015), the photomosaic facilitated
the detection of several megafaunal morphotypes and demersal fish
species. However, due to the surveying altitude, image resolution, or the
�nchez et al., 2008, 2009; Williams et al.,
size of the sample area (Sa
2015), it is likely that the megafaunal densities and species richness
were underestimated. Identifying benthic fauna solely with images be
comes difficult as the camera lens moves further away from the substrate
(Singh et al., 2004), which is consistent with the imagery collected here.
Image surveys tend to have poor taxonomic resolution, where many
individuals are either too small or cryptic to identify from images alone.
This was the case for G. parva and S. rhaphidiophora as they were often
hidden within the spicule mat. A combination of visual and corrobora
tive extractive techniques would allow for a more reliable description of
deep-sea habitats and is recommended wherever possible (Howell et al.,
2014).
The impact of Hugin 1000 on the behaviour of the mobile fish species
is unknown. Like most visual-based surveying techniques, AUVs are
suspected to generate behavioural responses during their surveys and
may cause biases from noise or strobe lighting (Raymond and Widder,
2007). This can subsequently impact density estimates of mobile fauna
�nchez et al., 2009; Milligan et al., 2016). How
(Stoner et al., 2008; Sa
ever, determining the extent of the impact and type of behavioural
response is difficult since it can occur outside of the field of view, and
avoidance behaviour may not be accurately captured by still imagery.
Therefore, it is critical to heed caution when estimating fish population
through imagery data. It is interesting to note that there were numerous
incidences of A. hyperborea being seemingly unperturbed by the passage
of the AUV.

4.4. Demersal fish in sponge grounds
Aggregations of demersal fish are commonly documented on sea
mounts (Clark et al., 2010) and around sponge grounds (Klitgaard and
Tendal, 2004; Kenchington et al., 2013). In the present study, Macrourus
berglax, Reinhardtius hippoglossoides, and Amblyraja hyperborea were
consistently observed throughout the sample area and have been re
ported in other areas dominated by geodiids (Klitgaard and Tendal,
2004; Kenchington et al., 2013; Murillo et al., 2016b). Similar to the
findings of Håpnes (2015), these fish species did not display spatial
preference for any one particular area of the sponge ground and all fish
species were widely and evenly distributed within the sample area.
Since very little is known about A. hyperborea, the results from the
present survey give some insight on its biogeography and life-history.
This skate species is a cold-water species found worldwide and has
been observed in sloped regions of the Arctic from depths of
300–1500 m (Skjæraasen and Bergstad, 2001; Doglov et al., 2005;
Lynghammar et al., 2013), though it has been reported in low abun
dances as deep as 1800 m (Stein et al., 2005). Videos collected from ROV
surveys conducted on the Schulz Bank showed that A. hyperborea and its
egg cases are present in lower densities on the flanks of the seamount
(unpublished data). Amblyraja hyperborea egg cases were consistently
observed in high numbers throughout the sample area, though it is
uncertain how many egg cases were viable or in the process of degra
dation at the time of the survey. The presence of skate eggs and juveniles
suggests that the area may act as a nursery for A. hyperborea, but further
research is required to determine habitat specificity.
There is limited understanding of how demersal fish may use sponge
grounds. Johannesen et al. (2017) suggest that while sponge grounds do
not form feeding links for the fish present, they are likely to be important
habitats for fish. Sponge-dominated seamounts have been described as
€ncke,
essential habitats for fish species (S�
anchez et al., 2008; Sell and Kro
2013; García-Alegre et al., 2014), and evidence suggests that commer
cial fish catches can be influenced by the presence of such habitats
(Rodríguez-Cabello et al., 2009). Reinhardtius hippoglossoides is a valued
groundfish species that has been commonly associated with sponge

4.6. Conclusion
This study provides insight into community patterns that are often
overlooked when surveying deep-sea habitats. Not only were the finescale spatial patterns of important arctic sponge ground taxa like Geo
dia parva, Stelletta rhaphidiophora, Lissodendoryx (Lissodendoryx) com
plicata, and hexactinellid sponges visible, the images also showed
demersal fish present in the entire sample area and Amblyraja hyperborea
potentially using it as a nursery ground. Visual-based surveys are a nonextractive and non-destructive method that allow for the visualisation
and characterisation of benthic habitats and give insight into drivers
that occur over small-scales (<10’s m). Such surveys improve the overall
understanding of key species, their fine-scale spatial distribution, and
structural habitat of importance to demersal fish (i.e. for nursery
grounds), and are thus highly valuable to fisheries, management, and
conservation efforts.
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